Abstract Records of ice core nitrate and its isotopes hold the potential to assess past atmospheric conditions regarding NO x and oxidant levels. However, relating such records to past atmospheric conditions requires a site-specific understanding of the postdepositional processing of snow nitrate. We report δ 
Introduction
Nitrate (NO 3 À ) is one of the most abundant ions measured in polar snow and ice cores. [Hastings et al., 2005; Mayewski et al., 1990] and the tropospheric oxidative capacity [Alexander and Mickley, 2015; Alexander et al., 2004] . However, relating ice core records of nitrate and its isotopic signatures to past atmospheric conditions must rely on an understanding of site-specific effects of postdepositional processing on snow nitrate concentration and its isotopes .
The postdepositional processing of snow nitrate is a complex process occurring in the air-snow interface, initiated mainly by ultraviolet (UV) photolysis of snow nitrate [Erbland et al., 2013; Frey et al., 2009] . The main photoproduct, NO x , can be transported from the snowpack to the overlying atmosphere [Honrath et al., 1999; Thomas et al., 2012; Zatko et al., 2013] , where it is reoxidized to nitrate and subsequently redeposited to the snow surface or transported away [Davis et al., 2004] . That snow-sourced NO x /nitrate transported away from its site of emission represents a loss of nitrate from the snowpack, making interpretation of ice core nitrate concentrations in terms of past atmospheric nitrate and NO x abundance difficult [Wolff et al., 2008] . In addition to disturbing the preservation of nitrate concentrations in ice cores, postdepositional processing also alters its nitrogen and oxygen isotopic composition [Blunier et al., 2005; Erbland et al., 2013; Frey et al., 2009] . The large fractionation constants (ε) associated with nitrate photolysis ( 15 ε = (À 47.9 ± 6.8)‰ and 18 ε = À 34‰ Supporting Information:
• Texts S1-S3, Table S1 , and Data Set S1
Correspondence to:
The degree of postdepositional processing of snow nitrate is influenced mainly by surface UV intensity, snow accumulation rate, snow UV light-absorbing impurities (UV-LAI) (e.g., organics, dust, and black carbon), and snow grain size and shape [France et al., 2011; Frey et al., 2009; Libois et al., 2013; Zatko et al., 2013] . Given constant UV radiation, the degree of postdepositional processing of snow nitrate depends on the time (T z ) nitrate spends in the snow's photic zone (30-90 cm deep [Erbland et al., 2013; France et al., 2011; Zatko et al., 2013] ). The depth of the photic zone is determined by concentrations of snow UV-LAI, and T z is determined by local snow accumulation rate. Due to the high snow accumulation rate at Summit, Greenland (0.24 m ice a À1 accumulation), the degree of postdepositional processing is thought to be small and thus atmospheric signals of nitrate and its isotopes are preserved [Fibiger et al., 2013; Hastings et al., 2004] . However, these studies at Summit cover short time periods (several months to a few years) when the snow accumulation rate is relatively constant, so that the effect of postdepositional processing on snow nitrate and its isotopes is difficult to isolate from other processes such as atmospheric variability in NO x sources [Hastings et al., 2003] , NO x cycling [Freyer et al., 1993] , and/or partitioning of nitrate between the gas phase and aerosol phase [Geng et al., 2014] . On longer time scales, e.g., the glacial-interglacial transition, snow accumulation rate, and snow UV-LAI vary significantly [Cuffey and Clow, 1997; Mayewski et al., 1997] , which may alter the degree of postdepositional processing and impact the preservation of nitrate and its isotopes.
Previous measurements of glacial-interglacial δ 15 N(NO 3 À ) at Summit, Greenland, showed δ 15 N(NO 3 À ) of (28.4 ± 1.1)‰ and (9.7 ± 0.7)‰ in the glacial period and the Holocene, respectively [Hastings et al., 2005] . This glacial-interglacial difference was attributed to variability in the relative importance of NO x sources. Hastings et al. [2005] .
In this study, we report new δ 15 N(NO 3 À ) data from the GISP2 ice core covering the glacial-interglacial cycle and two abrupt climate change cycles during the last glacial period (i.e., the Dansgaard-Oeschger (D-O) cycles [Dansgaard et al., 1993] ). We compare the new measurements to previous estimates of snow accumulation rate and with indicators of snow UV-LAI in order to assess the potential effects of postdepositional loss on the ice core δ 15 N(NO 3 À ) record. The implications of postdepositional processing of snow nitrate for the interpretation of ice core records of nitrate concentration and its isotopes in central Greenland over major climate transitions are discussed.
Method

Sample Collection
We collected 15 discrete samples (~2 kg of ice each) from the GISP2 ice core (drilled at Summit, Greenland, 72.6°N, 38.5°W, 3200 m elevation, 0.24 m ice a À1 at present [Cuffey and Clow, 1997] ) between 264 and 2735 m depth covering the last glacial-interglacial cycle (~1 to 100 ka B.P.). Each sample spans~50 cm depth, representing 2-200 years of snow accumulation. We also collected 112 continuous samples throughout the depth interval of 2310 to 2413 m, covering the D-O 12 and 13 cycles between 43 and 49 ka B.P. [Grootes and Stuiver, 1997] . The length of each sample is 0.8-1.0 m, representing 50-60 years of snow accumulation.
In the IsoLab (http://isolab.ess.washington.edu/isolab/) at the University of Washington, all samples were decontaminated by removing the surface layer (~0.5 cm) with a band saw in a cold room (À8°C) followed by rinsing with 18 MΩ cm water. The samples were then placed in covered, precleaned beakers and (representing dust) of each sample was determined by calculating their mean concentrations over the depth of each sample from the high-resolution records of Mayewski et al. [1997] . The mean snow accumulation rate for each sample was calculated based on the high-resolution record of snow accumulation rate (m ice a À1 ) reconstructed by Cuffey and Clow [1997] . Concentrations of snow UV-LAI other than dust (e.g., organics and black carbon) likely vary only slightly between the glacial and interglacial climate based on observations of organic acids and ammonium which are proxies for biomass and fire emissions [Fuhrer and Legrand, 1997] .
Nitrate Isotope Analysis
Nitrogen isotopes of above samples were measured in triplicate in the University of Washington IsoLab using the denitrifier method [Sigman et al., 2001 ] both with and without the gold tube on a Delta Advantage isotope ratio mass spectrometer. Briefly, denitrifying bacteria convert NO 3 À to N 2 O which is either measured directly or decomposed to O 2 and N 2 in a heated gold tube. The δ 15 N values were calibrated against two international standards USGS34 (δ 15 N = À1.8‰) and USGS32 (δ 15 N = 180‰) [Bohlke et al., 1993; Kaiser et al., 2007] . Another international standard, IAEA-NO-3 with δ 15 N = 4.7‰, was used as a quality control. The standard deviation of δ 15 N for the discrete samples was ± 0.25‰ as indicated by snow accumulation rate are the means in the depth interval of each sample in this study estimated from the high-resolution data in Mayewski et al. [1997] and Cuffey and Clow [1997] (the snow accumulation rate data only extend to~50 ka B.P.), respectively. The δ 18 O of water data and timescale used are both from Grootes and Stuiver [1997] .
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repeated measurements of IAEA-NO-3 and that for the continuous samples was ± 0.25‰ as indicated by repeated measurements USGS32. Details on sample preparation and the analytical procedures are given in Text S1 in the supporting information. ) in the last glacial period was (25.3 ± 4.6)‰, higher than in the Holocene ((8.6 ± 1.3)‰). The glacial-interglacial difference ((16.7 ± 4.8)‰) is comparable with previous measurements (18.7‰) [Hastings et al., 2005] . There is no significant glacial-interglacial difference in nitrate concentrations, as also indicated by the high-resolution record [Mayewski et al., 1997] . There are large differences in snow accumulation rate (0.16 m ice a À1 difference) and Ca Savarino et al., 2007] , it is a much weaker nitrate source than those of tropospheric origins [Lee et al., 2014] and has not been observed to be significant for Arctic snow nitrate.
Results
Before deposition to the snow surface, NO x recycling [Freyer et al., 1993] and atmospheric nitrate partitioning between the gas phase and aerosol phase [Geng et al., 2014; Heaton et al., 1997] ) can be~1‰ higher than in the Holocene due to the predicted 20% decrease in glacial tropospheric ozone abundance from the Holocene . Regarding the effect of gas/aerosol partitioning of atmospheric nitrate, assuming all nitrate stays in the aerosol phase during the glacial period due to the general alkaline conditions resulting from high sea salt and dust concentrations [Mayewski et al., 1997] , the model in Geng et al. [2014] indicates~10‰ increase in glacial δ 15 N(NO 3 À ). This is the upper limit based on the maximum difference in the gas-phase fraction of nitrate (f g ) transported and deposited to Summit between the Holocene (f g =~45%, using the preindustrial value estimated in Geng et al. [2014] ) and the last glacial period (f g ≈ 0%). Although the change induced by the gas-particle partitioning of nitrate is in the same direction as the observations, it cannot account for the full magnitude of the observed difference (~17‰). To estimate the increase in postdepositional loss during the glacial period relative to the Holocene, we use the parameterization from Zatko et al. [2013] to calculate actinic flux within the snow photic zone and T z in the two periods (Text S2), with mean dust concentrations listed in Table S1 . The snow accumulation rate data do not extend prior to~50 ka B.P. [Cuffey and Clow, 1997] , so in the following discussion we only consider the glacial δ 15 N(NO 3 À ) data younger than 50 ka B.P. with a mean of (28.5 ± 3.6)‰. Snow concentrations of organics and black carbon are assumed to be constant between the glacial and interglacial periods, though limited ice core records indicate that they are slightly lower in the glacial period [Fuhrer and Legrand, 1997] . The model result indicates that T z changes from 0.67 to 1.83 year from the Holocene to the last glacial period, a factor of 2.74 increase in the time that nitrate remains in the The estimated fractional loss in each time period is dependent upon the δ 15 N of nitrate originally deposited to the snow, and on the nitrogen isotope fractionation constant during photolysis, both of which are uncertain. Using the range of δ 15 N(NO 3 À ) observed in the pristine atmosphere (À7.1‰ to À1.6‰) by one study , instead of assuming it is 0‰ as in the above calculation, the calculated range of fractional loss is 19-28% and 46-53% in the Holocene and the glacial period, respectively. Using a fractional loss of 16% and 45%, we calculate the original nitrate concentrations before postdepositional loss in the GISP2 ice core of (89.8 ± 13.3) μg L À1 and (147.5 ± 28.7) μg L À1 in the Holocene and the glacial period, respectively. Taking into account the~65% decrease in the snow accumulation rate during the glacial period relative to the Holocene, we estimate a (41 ± 32) % lower depositional flux of nitrate to Greenland in the glacial period relative to the preindustrial Holocene. Assuming that the originally deposited δ 15 N(NO 3 À ) was 10‰ (instead of 0‰) due to the potential effect of glacial-interglacial changes in the gas-aerosol partitioning of nitrate, the fractional loss of nitrate in the glacial period would be~32%. The original glacial nitrate concentration would then be (119.3 ± 23.6) μg L À1 , suggesting a (52 ± 27)% lower nitrate depositional flux to Greenland in the glacial period relative to the Holocene. However, during GS-13, δ 15 N(NO 3 À ) does not vary with snow accumulation rate but instead decreases with increasing dust concentrations (Figures 2a-2c) . Given the relatively small difference in δ 15 N of natural NO x sources and the small nitrogen isotope fractionation effect associated with NO x cycling as discussed earlier, changes in the proportional contributions of different NO x sources and in the NO/NO 2 ratio are unlikely to be responsible for the full magnitude of the observed δ ) to snow accumulation rate in Greenland compared to Antarctica. This is likely due to the higher snow UV-LAI concentrations in Greenland than in Antarctica [Zatko et al., 2013] , which may lower the sensitivity of δ 15 N(NO 3 À ) to snow accumulation rate.
As described in the previous section, we use the parameterizations from Zatko et al. [2013] to calculate actinic flux and T z in the snow photic zone before and after the abrupt warming~45.4 ka B.P. with respect to changing snow accumulation rate ((0.08 ± 0.1) m ice a À1 to (0.15 ± 0.01) m ice a
À1
) and dust concentrations ((315.9 ± 88.1) μg L À1 to (34.2 ± 0.8) μg L À1 (Table S1 ). The results indicate T z is 1.67 and 0.99 year before and after the abrupt warming. This change in T z (a factor of~1.68) suggests a~12‰ difference in δ 15 N (NO 3 À ), comparable to the observed (10.2 ± 2.3)‰ rapid change at this time. However, although the magnitude of the calculated change is consistent with the observations, the modeled δ (Table S1 ). This discrepancy may be due to overestimates in the reconstructed snow accumulation rates at Summit during this period. Uncertainties in many other factors may also contribute, including the concentration of snow organic impurities, snow pH, location of nitrate in snow grains, snow grain size and shape, and solar irradiance, as discussed in Text S3.
Variations in nitrate concentrations in the D-O 12 and 13 cycles also suggest an impact from postdepositional processing at Summit in the past climate. Figures 3c and 3d shows that in general, snow nitrate concentration is negatively correlated with snow accumulation rate (r 2 = 0.34, P < 0.001), as more snowfall dilutes nitrate in surface snow. However, during GS-13 when the snow accumulation rate was very low, the statistical
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relationship between nitrate concentration and snow accumulation rate disappeared. Instead, during GS-13, nitrate concentration became positively correlated with dust concentrations (r 2 = 0.34, P < 0.001). This is consistent with the role of dust on postdepositional loss of nitrate, when higher dust concentration led to less nitrate loss from the snow due to its absorption of UV radiation.
Conclusion and Implications
We present δ , suggesting a (41 ± 32%) lower nitrate depositional flux to Greenland in the glacial period relative to the Holocene. These estimated changes are consistent with the 60% (49-67%) glacial-interglacial variability calculated in a chemistry-climate model . In that study, two thirds of the decrease in nitrate deposition to Summit in the glacial climate is attributable to meteorological changes in the frequency of deposition events, and one third due to decreases in upwind NO x emissions, the latter of which is highly sensitive to assumptions about biomass burning in the model. δ 15 N(NO 3 À ) data are available in the supporting information as Data Set S1. We acknowledge financial support from NSF (awards AGS 1103163, PLR 1106317, and PLR 1244817 to B. Alexander). L.J. Mickley and L.T. Murray acknowledge support from NSF-AGS 1102880. We also want to thank the National Ice Core Laboratory for providing the GISP2 ice core samples and the GISP2 team for ice core drilling.
The Editor thanks two anonymous reviewers for their assistance in evaluating this paper.
Geophysical Research Letters
10.1002/2015GL064218
